Mast cells are critical components of innate and adaptive immunity that differentiate in tissues in situ from circulating committed progenitor cells. We now demonstrate that human cord blood-derived mast cell progenitors are susceptible to infection with macrophagetropic (M-tropic) and dualtropic human immunodeficiency virus type 1 (HIV-1) isolates but not with T-cell-tropic (T-tropic) strains. Mast cell progenitors (c-kit
Mast cells (MC) are immune effector cells residing in perivascular connective tissues and mucosal surfaces (22) . They arise in situ by a stem cell factor (SCF)-dependent mechanism from a population of bone marrow-derived circulating committed progenitors (PrMC) expressing c-kit and the membrane-associated aminopeptidase CD13 (17) and lacking the monocyte-associated lipopolysaccharide receptor subunit, CD14 (1) . In mice, PrMC reside constitutively in the intestine, permitting the rapid development of an MC hyperplasia driven by T-cell-derived factors elaborated in response to infections with helminthic parasites (32) . This MC response is required for the normal elimination of adult helminthic worms (19) . Other experimental evidence supports an essential role for resident MC in innate immune responses to gram-negative bacteria (22) . Thus, MC participate in both innate and adaptive protective responses, in addition to their established role in inflammation and allergy (5) .
Information about PrMC homing determinants is limited due to their small numbers in blood in vivo (17) . The culture of human cord blood mononuclear cells (CBMNC) in the presence of the triad of recombinant soluble SCF, interleukin-6 (IL-6), and IL-10 (the latter for inhibition of monocyte/macrophage growth) gave rise to cultures primarily composed of human (h)PrMC, characterized by a c-kit ϩ CD13 ϩ cytofluorographic profile, by a requirement for SCF to achieve maximal thymidine incorporation, and by a lack of responses to macrophage colony-stimulating factor granulocyte (M-CSF), G-CSF, and IL-2 (26) . The hPrMC exhibited cytoplasmic staining for chloroacetate esterase (CAE), a marker of the myeloid and MC lineages that does not stain monocytes, macrophages, or basophils. By 9 weeks, these hPrMC differentiated into mature, fully functional mature hMC containing strongly CAE-positive secretory granules. hPrMC expressed four functional chemokine receptors: CXCR2, CCR3, CXCR4, and CCR5. Both CCR3 and CCR5 can serve as coreceptors for macrophagetropic (M-tropic) and dualtropic human immunodeficiency virus (HIV) strains on CD4 ϩ cells (6), such as macrophages and dendritic cells; CXCR4 serves as a coreceptor with CD4 for T-cell-tropic (T-tropic) HIV strains (8) . Since hPrMC also express CD4 (26) , these findings led us to investigate whether HIV strains might enter hPrMC and replicate.
In this study, we demonstrate that hPrMC derived in vitro can be infected by M-tropic HIV strains via a CCR5-dependent mechanism but not by CXCR4-utilizing T-tropic strains. Furthermore, infected hPrMC support M-tropic HIV-1 replication over sustained periods. Because hPrMC traffic to multiple tissues and abound in tissues where HIV and simian immunodeficiency virus (SIV) infections are initiated (13, 23, 32) , the findings may have implications for the pathophysiology of the resultant diseases.
MATERIALS AND METHODS
Isolation and culture of hPrMC and hMC. Cord blood obtained from human placentas after routine cesarean section was sedimented with dextran, and the mononuclear cell (CBMNC) fraction was isolated by centrifugation through a cushion of Ficoll-Paque (1.77 g/ml) at 350 ϫ g for 30 min. CBMNC were cultured at 10 6 /ml in RPMI 1640 medium (Gibco BRL, Gaithersburg, Md.) containing 10% fetal bovine serum, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 100 U of penicillin per ml, 100 mg of streptomycin per ml, 2 g of gentamicin per ml (all from Sigma, St. Louis, Mo.), 0.2 M 2-mercaptoethanol (Gibco BRL), 100 ng of SCF (Amgen, Thousand Oaks, Calif.) per ml, 50 ng of IL-6 (R & D Systems, Minneapolis, Minn.) per ml, and 10 ng of IL-10 (Endogen, Cambridge, Mass.) per ml, hPrMC were harvested at 4 weeks due to their expression of CAE, c-kit, and CD13, and lack of proliferative responses to IL-2, G-CSF, and M-CSF at this time point, as previously reported (26) . For experiments performed with mature hMC, the cultures were carried to 9 weeks, by which time more than 98% of the cells were toluidine blue and tryptase positive.
To eliminate contaminating monocytes/macrophages and hMC (29) , the crude 4-week hPrMC preparations were depleted of CD14 ϩ cells with magnetic cell separation microbeads (Miltenyi Biotec, Sunnyvale, Calif.). Flow cytometry confirmed the virtually complete lack of the CD14 marker after the column purification. The CD14 Ϫ cells were stained for CAE, for metachromasia with toluidine blue (26) , and Astra blue (9) prior to studies involving infection to ensure relative uniformity. In some experiments, the CD14 ϩ cells were similarly assessed after their recovery from the column.
Reagents and antibodies. Anti-CCR5 antibody (Ab) 2D7 (immunoglobulin G2a [IgG2a]), anti-CXCR4 Ab 12G5 (IgG2a), anti-CD13 (IgG1), anti-CD4 (IgG1 from PharMingen), anti-CD14 (IgG2a), and recombinant SDF1␣ were purchased from PharMingen (San Diego, Calif.). The CCR3-specific Ab 7B11 was obtained from the AIDS Research and Reagents Program (National Institutes of Health Bethesda, Md.). Anti-c-kit (K69, IgG1) was purchased from Biosource International (Camarillo, Calif.). Anti-CD13 (IgG1) and anti-CD14 (IgG2a) were purchased from PharMingen. TAK-779 was provided by Takeda Chemical Industries (Osaka, Japan). Azidothymidine (AZT) was purchased from Sigma. The concentrations of the inhibitors used were chosen based on doses previously shown to reduce HIV entry (2, 4, 12, 31). Flow cytometry and staining of hPrMC. Flow cytometry was carried out in the presence of cold Hanks' balanced salt solution containing 2% fetal bovine serum, 0.1% human serum, and 0.01% sodium azide (fluorescence-activated cell sorter [FACS] buffer). After fixation for 5 min in FACS buffer containing 3% paraformaldehyde and exposure to monoclonal Abs, the cells were stained with fluorescein isothiocyanate-conjugated sheep anti-mouse IgG (Calbiochem, La Jolla, Calif.) and then analyzed using FACSort (Becton Dickinson, Oxnard, Calif.). The results were analyzed as overlaid histograms. Low-level expression of c-kit and CD13 and lack of CD14 were used to identify hPrMC, as described previously (26) , while mature hMC were identified based on a high level of c-kit staining, continued expression of CD13, positive CD14 expression, and a higher relative level of side-angle light scatter (SSC).
HIV-1 replication assay. Replication-competent recombinant NL4-3-ADA and NL4-3-HXBc2 were generated in HeLa cells as described previously (18) . hPrMC (4 ϫ 10 6 ) were incubated with 10 5 cpm of reverse transcriptase (RT) activity for 12 h, washed three times with phosphate-buffered saline (PBS), and cultured in 2.5 ml of complete medium with cytokines. Samples (0.5 ml) were removed every third day and replaced by an equal volume of fresh medium with cytokines, and the nonadherent cells were transferred to a new culture vessel. Virus production was determined by measurement of p24 gag in the medium with a commercial antigen capture assay kit (NEN Life Science Products, Boston, Mass.).
Env complementation assay. HIV-1 proviral DNA lacking a functional env gene and containing the chloramphenicol acetyltransferase (CAT) gene in place of the nef reading frame (pHXBH10⌬envCAT) was cotransfected into HeLa cells together with plasmids encoding HIV-1 or SIVmac envelope glycoproteins (6) . Supernatants containing recombinant viruses were added to 4 ϫ 10 6 cells at a concentration of 10 5 cpm of RT activity/ml for 12 h at 37°C. The infected cells were washed three times with PBS and cultured in 3 ml of regular cytokinesupplemented medium. Five days after infection, nonadherent cells were lysed and CAT activity was determined (6) .
Recombinant viruses containing the green fluorescent protein (GFP) gene were produced by cotransfection of HEK 293T cells with a ⌬gag-pol/⌬env vector pHIvec2.GFP, the packaging vector pCMV⌬P1⌬envpA, psrev, and plasmids encoding HIV-1 envelope glycoproteins, as described previously (14) . A total of 4 ϫ 10 6 hPrMC were infected with 400,000 RT units of virus overnight. At 5 to 14 days after infection, infected cells (0.3 to 2.5% of the total cells 2 weeks after infection; n ϭ 5 donors) were separated by FACS with the MoFlo sorter (Cytomation, Fort Collins, Colo.) using the GFP expression as marker for infection. Sorted cells were stained on slides for CAE activity and for immunoreactivity for tryptase as described previously (26) .
RESULTS
Purity of 4-week-old hPrMC and expression of CD4 and HIV coreceptors. Cultures of CBMNC that were 4 weeks old were analyzed for their identity and purity. The crude 4-weekold preparations contained between 20 and 40% toluidine blue-positive hMC (as shown for one donor in Fig. 1a) . Cytofluorographic analysis of the crude preparations revealed two populations differing in SSC as previously reported (as shown for one donor [ Fig. 1b] ) (26) . The high-SSC population (mature hMC) was c-kit ϩ , was also CD13 ϩ , expressed CCR3 and some CXCR4 but not CCR5 or CD4 (data not shown), and was CD14 ϩ (Fig. 1b) . The lower SSC population was more weakly but uniformly c-kit ϩ and was also CD13 ϩ ; more than 95% of this cell population was CD14 Ϫ (Fig. 1b) . This low-SSC population of hPrMC expressed CD4, CXCR4, and CCR5, as well as CCR3 (data not shown).
To obtain a purified hPrMC population, the 4-week-old cultured cells were separated on an immunomagnetic CD14 depletion column. Only the low-SSC population lacking CD14 remained after the column purification procedure (Fig. 1c) . The purified hPrMC remained c-kit
ϩ , CCR5 ϩ , and CCR3 ϩ (n ϭ 3, as shown for one donor [ Fig. 1c]) . Less than 5% of the CD14 Ϫ cells had toluidine blue-positive granules (Fig. 1d, left) . Virtually all (Ͼ98%) were positive for CAE (n ϭ 3, as shown for one donor [ Fig. 1d, center] ), and most (ϳ60%) contained Astra bluepositive granules, a marker restricted to MC and basophils (9) (Fig. 1d, right) , suggesting the presence of nascent secretory granules in hPrMC despite their lack of avidity for toluidine blue dye. The eluted CD14 ϩ fraction contained mostly mature hMC based on toluidine blue staining, with the remaining cells having morphologic features consistent with macrophages or monocytes (data not shown).
M-tropic but not T-tropic HIV strains can replicate in hPrMC. The expression of CD4 and HIV-1 coreceptors suggested that hPrMC might be susceptible to infection by Mtropic HIV-1 strains (which utilize CCR5 and, to a lesser extent, CCR3) and T-tropic strains (which utilize CXCR4). In the background of the NL4-3 strain, the replication-competent recombinant ADA (M-tropic) virus but not the HXBc2 (Ttropic) virus replicated in the crude 4-week-old preparations, as determined by monitoring p24 gag levels in the supernatant (n ϭ 2 [a representative experiment is shown in Fig. 2]) . Progressive increases in p24 gag levels were evident up to day 21 postinfection. The replication was completely inhibited in the presence of 50 M AZT. No cytopathic effects were observed with the HIV-1 ADA strain. Both the ADA and HXBc2 strains replicated in human peripheral blood mononuclear cells (data not shown).
Identity of infected CD14-negative cells as hPrMC and retention of HIV with maturation. To demonstrate that the infected subset of cells was not a minor contaminating population, purified 4-week-old hPrMC were infected with recombinant single-round viruses containing the GFP gene and pseudotyped with HIV-1 YU2 and HXBc2 envelope glycoproteins. The YU2 envelope glycoproteins, like those of the ADA strain of HIV-1, utilize CCR5 and CCR3 as coreceptors (6) . shown for one experiment [ Fig. 3a , right]) but not in cultures infected with HIV-1 HXBc2 pseudotypes (Fig. 3b) . When GFP-positive HIV-1 YU2 infected cells were separated by using FACSort, all of the GFP-positive cells exhibited diffuse cytoplasmic CAE staining (Fig. 3a, left) .
To determine whether mature hMC could retain HIV, hPrMC exposed to the GFP-bearing HIV-1 YU2 were cultured for an additional 2 weeks with SCF, IL-6, and IL-10. The infected cells (0.3 to 2.5% of the total cells 2 weeks after infection; n ϭ 5 donors) were separated by using FACsort and immobilized to glass slides. In each experiment, Ͼ90% of the sorted cells were again CAE positive, with the staining being localized to cytoplasmic granules (Fig. 3c) . All of these mature, granulated hMC were GFP positive (as shown for individual cells in Fig. 3c ). The few contaminating GFP-negative cells were CAE negative as well (as shown for an individual cell in Fig. 3c ). The granules of Ͼ80% of the GFP-positive sorted hMC were toluidine blue positive (n ϭ 3 experiments [one displayed in Fig. 3d]) , and a similar proportion were also tryptase positive (n ϭ 1 [data not shown]). Thus, hMC remained persistently HIV ϩ following their exposure to the virus as hPrMC.
Chemokine receptors function as HIV coreceptors on hPrMC. To determine the ability of M-and T-tropic HIV-1 viruses and an SIV strain (SIVmac316) (14) to infect hPrMC and hMC, we performed single-round assays using recombinant CAT-reporter viruses pseudotyped with HIV-1 and SIV envelope glycoproteins. Viruses bearing CCR5-utilizing envelope glycoproteins (ADA, YU2, and 89.6 strains of HIV-1 and SIVmac316) entered hPrMC. The highest infectivity level was detected with viruses carrying the ADA envelope glycoproteins, and the lowest was detected with the SIVmac316 envelope glycoproteins; the latter was only slightly above the background measured with the nonfunctional ⌬KS envelope glycoprotein (16) (Fig. 4a) . Pseudotypes containing the envelope glycoproteins of the primary T-tropic HIV-1 isolate ELI and the T-cell-line-adapted HIV-1 strain HXBc2 did not infect hPrMC. Thus, the replication block of HXBc2 in hPrMC is due to restricted or very inefficient entry, despite considerable CXCR4 and CD4 expression (Fig. 1 ). Infections performed with purified hPrMC gave consistently higher levels of CAT activity than did experiments performed with crude hPrMC cultures. Replicate CD14 ϩ cells recovered after the column purification (consisting mostly of mature hMC) yielded negligible levels of CAT activity (n ϭ 2 [data not shown]). The 9-week-old cord blood-derived hMC were not susceptible to new infection by viruses pseudotyped with ADA, YU2, and HXBc2 envelopes. However, viruses containing the vesicular stomatitis virus (VSV) G envelope gave a strong reporter signal in these assays, showing that events in the HIV-1 life cycle following entry, including reverse transcription and long terminal repeat-driven transcription, were not restricted (Fig. 4b) .
CCR5 is the dominant receptor used by M-tropic strains for entry into hPrMC. To determine the coreceptor used by Mtropic HIV-1 strains to infect hPrMC, the virus showing the highest infectivity (HIV-1 ADA) was used in experiments with specific CCR5, CCR3, and CXCR4 inhibitors to block entry. The CCR5-specific Ab 2D7 and TAK-779, a nonpeptide compound able to inhibit entry mediated by CCR5 and CCR2b (4), reduced the infection by more than 80% (Fig. 5) . CCR2b is not expressed by hPrMC (26) and is not used by ADA or most other M-tropic HIV-1 strains. Thus, CCR5 is the major coreceptor for M-tropic HIV-1 isolates for entry into hPrMC. The CCR3-specific Ab 7B11, but not eotaxin, slightly decreased entry as well (Fig. 5) . The CXCR4-specific Ab 12G5 and recombinant human SDF-1␣, the natural ligand for CXCR4, did not affect entry.
DISCUSSION
This study reveals that hPrMC derived in vitro can be infected by M-tropic and dualtropic, but not T-tropic, HIV strains. The importance of hMC in both innate and adaptive immunity, the ability of hPrMC to home to multiple tissues, their abundance at sites of HIV introduction, and the tendency of tissue hMC to survive for long periods suggest that HIVinfected hPrMC might not only lead to the viral spreading but might also provide a long-lived sanctuary for the virus.
We suspected the potential for HIV infection of hPrMC based on their repertoire of surface coreceptors, CD4, CCR3, CXCR4, and CCR5 (Fig. 1) . Crude 4-week-old cultured hPrMC were productively infected with replication-competent viruses containing the envelope genes of an M-tropic HIV-1 isolate (NL4-3-ADA) but not a T-tropic isolate (NL4-3-HXBc2). New virus was produced over a relatively sustained period, peaking at 21 to 24 days (Fig. 2) . The infection of hPrMC was confirmed by the fact that FACSort-separated infected GFP-positive cells stained positively for CAE (Fig. 3) after infection with the HIV YU2 construct containing the GFP reporter.
The replication of the M-tropic but not the T-tropic HIV-1 strain led us to further explore the profiles of viruses able to infect hPrMC using Env complementation assays. Although hPrMC express abundant functional CXCR4 as determined by SDF-␣-mediated calcium flux (26) , CXCR4-utilizing HIV-1 HXBc2 and ELI strains did not infect hPrMC in these assays, while all of the M-tropic and dualtropic HIV-1 strains tested entered hPrMC. Crude and purified hPrMC populations yielded similar results. Indeed, the levels of HIV-1 ADA entry were higher in the purified hPrMC than in the crude hPrMC that contained some CD14 ϩ cells consisting largely of mature hMC, while the CD14 ϩ cells showed negligible HIV-1 entry and 9-week-old hMC were not susceptible to infection by any of the HIV strains tested (Fig. 4B) , probably due to their lack of CD4 and CCR5 (26) . Nonetheless, postentry events were functional in hMC, since infection with VSV G-pseudotyped viruses was successful. Moreover, mature hMC clearly continued to produce HIV as they developed from infected hPrMC, as indicated by the staining characteristics of the FACSortseparated cells 2 weeks after infection with the HIV YU2 construct containing the GFP reporter ( Fig. 3c and d) . These observations are consistent with the recent report of HIVbearing, metachromatic, tryptase-and chymase-positive hMClike cells in the blood of patients with AIDS (21) .
There are several possible explanations for the lack of CXCR4 utilization by HIV1 in hPrMC. A replication block is reported for several other cells including macrophages, microglia, G 0 stem cells, and a subset of a hematopoietic cell line (2, 25, 30) , which all express CXCR4 along with CD4 but are resistant to productive infection. The pattern of posttranslational modifications of the CXCR4 extracellular domains or the ability to form a signaling-competent transient gp120-CD4-CXCR4 complex (3, 7, 20) may also dictate the strain specificity of HIV-1 entry into hPrMC. Additional postentry restrictions, although not evident in our study, were reported previously for human macrophages (31) .
Coreceptor utilization on hPrMC by M-tropic HIV-1 strains was determined with specific CCR5, CCR3, and CXCR4 inhibitors to block entry of the ADA pseudotype in single-round infections. Both the CCR5-specific Ab 2D7 and the nonpeptide compound TAK-779 (4) reduced the infection of hPrMC by more than 80% (Fig. 5) , strongly indicating that CCR5 is the major coreceptor used by M-tropic HIV-1 isolates to enter hPrMC. While the CCR3 ligand eotaxin did not inhibit virus infection in this assay, the CCR3-specific Ab 7B11 slightly (ϳ20%) inhibited entry. Thus, CCR3 might also function as a coreceptor on these cells. Similar results were obtained with human microglia (2, 12) . Neither the CXCR4-specific Ab 12G5 nor recombinant human SDF-1␣ affected entry. Thus, as with dendritic cells (11, 28) , hPrMC could serve to initiate the spread of HIV after becoming infected with the M-tropic strains that are consistently isolated during the initial stages of disease.
Our findings show that hPrMC can be productively infected by M-tropic HIV-1 strains in vitro. These observations carry potential implications for the pathophysiology of HIV. hPrMC in the intestinal mucosa could support initial infection with M-tropic HIV strains that are critical to the initiation of HIV disease. The migration of infected hPrMC or hMC to secondary lymphoid organs could facilitate the transfer of HIV to CD4-positive lymphocytes; indeed, hMC infiltrate local lymph nodes in certain inflammatory circumstances (34) and cervical lymph nodes from patients with AIDS contain increased numbers of hMC compared with normal controls (27) . Additionally, hMC is one of the few immune cell types found in the normal central nervous system and brain (33) . If hPrMC become infected during the viremic phase of HIV, they could potentially carry M-tropic HIV across the blood-brain barrier for transfer to microglia and astrocytes, which, like hPrMC, are susceptible to infection via CCR5 and CCR3 (12) . Since hMC are long-lived in vivo and shed active virus for sustained periods (Fig. 2) , infected hMC could provide a sustained source of viral production at mucosal and cutaneous sites. Indeed, the numbers of hMC observed in the submucosa and lamina propria of the intestines of HIV-infected patients are normal, even though the numbers of hMC in the adjacent epithelium are diminished, probably reflecting the requirement of this anatomic subset of hMC for normal T-cell function (15) . Finally, it is possible that HIV infection could alter the function of hMC or their threshold for activation, since both urticaria (10) and intractable pruritus (24) are associated with HIV infection.
